We calculated the co-seismic Earth rotation changes for several typical great earthquakes since 1960 based on Dahlen's analytical expression of Earth inertia moment change, the excitation functions of polar motion and, variation in the length of a day (ΔLOD). Then, we derived a mathematical relation between polar motion and earthquake parameters, to prove that the amplitude of polar motion is independent of longitude. Because the analytical expression of Dahlen's theory is useful to theoretically estimate rotation changes by earthquakes having different seismic parameters, we show results for polar motion and ΔLOD for various types of earthquakes in a comprehensive manner. The modeled results show that the seismic effect on the Earth's rotation decreases gradually with increased latitude if other parameters are unchanged. The Earth's rotational change is symmetrical for a 45° dip angle and the maximum changes appear at the equator and poles. Earthquakes at a medium dip angle and low latitudes produce large rotation changes. As an example, we calculate the polar motion and ΔLOD caused by the 2011 Tohoku-Oki Earthquake using two different fault models. Results show that a fine slip fault model is useful to compute co-seismic Earth rotation change. The obtained results indicate Dahlen's method gives good approximations for computation of co-seismic rotation changes, but there are some differences if one considers detailed fault slip distributions. Finally we analyze and discuss the co-seismic Earth rotation change signal using GRACE data, showing that such a signal is hard to be detected at present, but it might be detected under some conditions. Numerical results of this study will serve as a good indicator to check if satellite observations such as GRACE can detect a seismic rotation change when a great earthquake occur.
IntRoDuctIon
An array of geophysical phenomena can cause Earth's rotation to change: post glacial rebound, atmospheric angular momentum change, the interaction between seawater and atmosphere, and so on (Lambeck 1980; Trupin et al. 1992) . Those geophysical changes accompanied with density variation excite polar motion and causes a change in the day length (ΔLOD). Huge earthquakes can cause polar motion and ΔLOD because of the redistribution of the Earth's internal density. Mansinha and Smylie (1967) described the problem related to the Chandler wobble excited by large earthquakes. They calculated the change of the Earth's inertia tensor and direction of Earth's axis of rotation. Dahlen (1971 Dahlen ( , 1973 derived an analytical expression (called Dahlen's theory) of the Earth's inertia tensor parameter change and showed the Earth's rotation change as a result of earthquakes; the modeled results indicate that the 1960 Chile earthquake (M w 9.5) produced a polar motion change with a magnitude of 10.2 mas in the direction of 110°E. The 1964 Alaska earthquake (M w 9.2) excited a polar motion change with a magnitude of 4.8 mas in the direction of 193°E. Except the Dahlen's theory, some researchers developed different methods to compute co-seismic Earth rotation changes. O'Connell and Dziewonski (1976) used the free oscillation method to calculate the polar motion caused by earthquakes. Smith (1977) computed the rotation change induced by earthquakes from 1960 using different dislocation models; the results agree well with Dahlen's results. Lambeck (1980) showed that ΔLOD caused by the 1960 Chile earthquake (M w 9.5) was 15 μs and that the change induced by 1964 Alaska event (M w 9.2) was 3 μs. Chao and Gross (1987) computed changes in the Earth's rotation and low-degree gravitational field induced by earthquakes using a normal mode method. They concluded that the earthquake excited ΔLOD is about two orders smaller than the accuracy of modern geodesy about 0.1 ms and that the Earth's rotation is speeding up. Degryse and Dehant (1996) presented a polynomial approximation of depth functions to complete the theory of Dahlen (1971 Dahlen ( , 1973 . Gu (1996) using Dahlen's elastic dislocation method, computed polar motion and ΔLOD caused by earthquakes occurring over 1977 -1994 and derived a trend of shortening LOD. Gross and Chao (2006) calculated co-seismic effects caused by the 2004 Sumatra earthquake (M w 9.0), noting that the polar motion is 2.32 mas in the direction of 127°E, and that LOD was shortened by 6.8 μs. Nilson et al. (2010) computed the co-seismic rotation change caused by the 2010 Chile earthquake (M w 8.6) based on Dahlen's method and compared the theoretical results with that observed by VLBI (Very long Baseline Interferometry). They reported that the polar motion is about 2.5 -3.0 mas, and that the LOD change is about 0.3 μs. Gross (2010) also computed the co-seismic rotation change using the normal mode method. His results show that the coseismic LOD change is about 1.26 μs. Gross (2010) and Nilson et al. (2010) used different dislocation models and computing methods. Their results are somewhat different. When the 2011 Great East Japan earthquake (M w 9.0) occurred, Gross (2011) estimated the co-seismic effect. His results show that the earthquake shortened LOD by 1.8 μs. Kobayashi and Heki (2012) reported a polar shift toward 140°E.
Results of those studies indicate clearly that the rotation change has a direct relationship with an earthquake's magnitude. However, to date, no report has described an investigation of the relation between earthquake parameters and rotation changes. Some questions remain open, such as where and how an earthquake produces the largest polar motion change and ΔLOD. In this paper, we adopt Dahlen's method to compute the co-seismic earth rotation change. The purpose of this study is twofold: to study the effect of earthquake parameters upon the earth's rotation change to find a general property of seismic-excited rotation change, using Dahlen's theory due to its simplicity; and, to observe its accuracy when it is used for a single mean fault and more detailed fault slip distribution. For these purposes, we conducted numerical simulations first to test and verify Dahlen's dislocation theory; then we examined how earthquake parameters affect rotation changes. Finally we investigated the accuracy of the Dahlen's theory by conducting a case study of the 2011 Great East Japan earthquake (M w 9.0).
tHEoRy AnD cAlculAtIon mEtHoD of co-sEIsmIc EARtH RotAtIon cHAngE
To elucidate the effects of earthquake parameters on rotation change, Dahlen's elastic dislocation theory is used to compute co-seismic rotation change. This method yields analytical expressions of the Earth's inertial moment which consist of functions of earthquake parameters and which are convenient to use to ascertain effects of different earthquake parameters on polar motion and ΔLOD. The method uses a SNREI (spherical, non-rotating, elastic, isotropic) Earth model and assumes the epicenter as a point source. We calculate polar motion and change in LOD along with evaluation of changes in Earth inertia moments, using the excitation function of polar motion and ΔLOD.
changes in the Inertial moments of the Earth
Changes in the Earth's inertial moment components induced by earthquakes can be expressed as the following analytical formulas based on Dahlen's (1971 Dahlen's ( , 1973 elastic dislocation theory. The coordinates are chosen such that the x, y and z axes point to the 0° (Greenwich) Meridian, the 90°E Meridian and the North pole, respectively. The origin is placed at the centre of mass of the Earth. , , , ,
, , , ,
Therein, ΔI ij (ij = 13, 23, 33) signifies the change in inertia moments. M 0 denotes the seismic moment, and M 0 = μ( r )ΔvA · μ( r ) is the elastic shear modulus at the epicenter. Also, Δv is the dislocation; A stands for the fault area. Г i ( h ), which represents the function of the depth of earthquake epicenter h, depends on changes of the elastic modulus and density. g i , h i , j i respectively stand for functions of latitude φ, longitude λ, azimuth angle δ, dip angle α and strike angle θ. We assume that α is measured counterclockwise from the North Pole and that λ is measured counterclockwise from horizontal direction on the fault plane.
To complete the Dahlen theory (1971 Dahlen theory ( , 1973 , Degryse and Dehant (1996) 
Furthermore, the following definitions are used. For given earthquake parameters, Eqs. (1) - (10) are used to compute the change in inertial moments.
Excitation of Polar Motion and ΔLOD
The change of the Earth's inertia tensor parameters engenders the Earth's inertial moment change. Subsequently, the Earth's rotation parameters change which alters Earth's rotational change with the following relationship outlined below.
According to the theory of Earth rotation, the excitation of polar motion caused by earthquakes can be expressed as the function of the principal moment of the Earth's inertia and inertia tensor components (Wahr 1982; Gross 1986 
In that equation, A and C are the equator and polar principal inertia moments of the Earth: A = 8.0177 × 10 37 kgm 2 , and C = 8.0438 × 10 37 kgm 2 . The ΔLOD produced by earthquakes can be derived using the following expression (Gross 1986) .
Therein, C m is the polar principal inertia moment of the mantle; the fluid core is decoupled from the elastic mantle on a short time scale. C m = 7.1242 × 10 37 kgm 2 , LOD = 86400 s. Therefore, we can calculate the Earth's inertia tensor components as ΔI 13 , ΔI 23 , ΔI 33 in accordance with Eqs. (1) -(3). Then, we take the three components into Eqs. (11) and (12). We can obtain the co-seismic polar motion and ΔLOD.
Co-Seismic Polar Motion and ΔLOD Since 1960
To verify the theory presented above, we compute coseismic rotation change of typical earthquakes in this section, and compare the results with previous ones. For this purpose, we choose the 1960 Chile earthquake (M w 9.5), 1964 Alaska earthquake (M w 9.2), 1977 Sumba earthquake (M w 8.3), 1985 Mexico earthquake (M w 8.0), and the 2004 Sumatra earthquake (M w 9.0). First, we compute the change in inertia moments from Eqs. (1) - (3) with consideration of the same seismic parameters for each earthquake above. Then we compute the co-seismic Earth rotation change through the relation of Eqs. (11) and (12). Table 1 presents numerical results and comparison with previous ones, and Table 2 lists the earthquake parameters used in these studies. Table 1 shows that results obtained using different methods agree well. A difference appears in ΔLOD because the sensitivity of depth functions depends on earthquake parameters and the accuracy of different methods. When an earthquake occurs, the mass migration and mass redistribution at a global scale depend strongly on the seismic mechanism, but the present fault model can not give the accurate epicenter depth and the distribution of density change. A great difference exists between slip vectors of different fault models which cause the uncertainty of earthquake parameters. They engender the error of calculating ΔLOD. However, the present methods of co-seismic rotation change are computed by either dislocation theory or normal mode method, so that it is natural to see the difference among the results.
Independence of Polar motion from longitude
Polar motion caused by an earthquake mainly affects the amplitude and the direction. Because the direction depends on the coordinate system and the earthquake location, it can be computed more simply than the amplitude; so, it will not be examined in this study. It can be predicted that the amplitude of polar motion caused by earthquakes is independent upon the longitude where earthquake occurs if we consider a SNREI Earth model or a rotating symmetrical Earth. This subsection presents derivation of the mathematical expression to prove this conclusion.
The excitation function of polar motion is given in the section above, where the excitation function's modulus is the amplitude of polar motion, so the expression of the amplitude of polar motion is written as the following. 
Based on Dahlen's analytical expression of inertia moments, by taking the change of inertia moments into Eq. (13), we can obtain the following expression. 
Equation (14) shows that it involves all of the parameters save for the longitude. This fact means that the amplitude is independent upon longitude; an earthquake happening at an arbitrary longitude will produce the same change in the Earth's rotation. 
sImulAtIon of EffEcts of EARtHquAkE PARAmEtERs on EARtH RotAtIon cHAngE
As Table 1 shows, previous studies only computed the co-seismic rotation change and discussed the relationship between the magnitude and rotation change. However, the effect of different earthquake parameters on rotational change is still not discussed. This section presents a numerical simulation of how latitude, azimuth angle, and dip angle affect the polar motion and ΔLOD based on the theoretical scheme presented above.
To discuss the latitude effect is equivalent to answering how the co-seismic rotation changes with the latitude change. For this purpose, we consider a vertical strike slip fault model with magnitude M w 9.0 and depth of 20 km (Fig. 1a) . Then we compute the rotation changes for seven latitudes, as shown in Fig. 2 . We also compute rotation changes for different azimuths of 0° -360°. The horizontal axis is the azimuth angle and the vertical axis is the amplitude of polar motion (Fig. 2a) and ΔLOD (Fig. 2b ). Results of different latitudes are represented by different color curves: 0°, 15°, 30°, 45°, 60°, 75° and 90°. Figure 2 presents the changes in amplitude of polar motion and ΔLOD change with the azimuth angle and the latitude. The curved shape appears periodically about the azimuth angle. At [0°, 180°], the amplitude has a minimum peak at 45° and 135°, and maximum at 0°, 90°, 180°. The ΔLOD has a maximum value at 45°. It becomes 0 at 0°, 90°. It also has a minimum value at 135°. The same behavior appears at 180° and 360°. This phenomenon implies that if the fault strike is north/south or west/east, then the earthquake will excite the maximal polar motion, but not affect the day length. The amplitude will be minimal and ΔLOD will be maximal if the fault strike is north/east or south/west. This characteristic is important to understand the co-seismic rotation change. It can explain the non-uniformity between polar motion and ΔLOD caused by different earthquakes in Table 1 .
Next we discuss how the dip angle affects the Earth's rotation. We choose a fault model with a magnitude of M w 9.0, depth of 20 km, azimuth of 45°, and rake angle of 90° (Fig. 1b) . The range of the dip angle is 0° -90°. Then we calculate the changes for different dip angles and different latitudes. Results are shown in Fig. 3 . Figure 3 shows that the change in the Earth's rotation is the same in the two hemispheres or symmetrical for the equator. However, the polar motion amplitude is symmetrical for dip angle 45°, which is the inflection point. It becomes 0 when the earthquake happens at either of the two poles or the equator. At the same time, the day length shows a large change at the poles and equator and it becomes 0 at dip angle of 45°. Figure 2 also shows that an earthquake speeds up the Earth's rotation at low or medium latitudes (less than ±40°), but it slows rotation at high latitudes (greater than ±40°).
A CASE StuDy Of thE 2011 GrEAt EASt JA-
PAn EArthquAkE (M w 9.0)
As a case study, we compute the co-seismic rotation change produced by the 2011 Great East Japan earthquake. This event was the fifth largest earthquake since 1960, occurring in a subduction zone where the Pacific plate dives beneath the North American plate causing tsunamis. It also produced co-seismic rotation change. To study the effect of this earthquake on the Earth's rotation, we adopt the finite fault model used by Hayes (2011) and centroid moment solution for the 2011 Great East Japan earthquake from the USGS. To observe the effect of different fault models on rotation change, we also use different fault models in computations. Numerical results are presented in Table 2 and are compared with those of Gross (2011) .
The effect on polar motion is 5.35 mas if we consider a homogeneous slipping model (i.e., a mean model). However, if we consider a fault slip distribution model, then the result is 4.26 mas. The latter is much smaller than the former. The ΔLOD shows even greater deviation in magnitude and changes in sign, which implies that an accurate fault slip model is important to calculate co-seismic Earth rotation change. The finer the slip model is, the more accurate the result is. Comparison to Gross' (2011) result reveals that the results are basically equal in magnitude, showing little difference. The reason for the difference is possibly attributed to the different methods. The method used by Gross is based on a normal mode method, while our method is based on Dahlen's elastic dislocation theory and summation for every sub-fault.
Then we discuss whether or not the co-seismic rotation change is detectable. Usually, the polar motion change observed by the GRACE (gravity Recovery And climate Experiment) and SLR (Satellite Laser Ranging) includes many geophysical effects such as co-seismic deformation, post glacial rebound, ice melting, and sea level change. Because GRACE data have been corrected for tide, ocean, and atmosphere signals, we use them to compute rotation change. In our computation, we use the GRACE data observed since 2003. We process the GRACE data using the least squares method, and observe the relation between polar motion and the second order stokes coefficients (Chao and Gross 1987) , as shown in Fig. 4 .
The red curve is the result obtained using the initial GRACE raw data. The green curve represents the result obtained using least-squares method which contains the constant term, the trend term, the year periodic term, and the half-year periodic term. Figure 3 shows that the initial GRACE data are influenced strongly by noise and show greater deviation than the fitting curve. The standard deviation of the polar motion change observed by GRACE is 14.43 mas. However, the magnitude of polar motion by large earthquakes is several mas, which is less than the standard deviation of the GRACE data. Therefore, it might be concluded that the co-seismic polar motion is difficult to detect because of noise or other geophysical effects. However, it would be possible for GRACE to detect the co-seismic polar motion induced by the 1960 Chile earthquake because the magnitude of the polar motion change by this earthquake is theoretically as much as 20 mas. In addition, considering the effect of earthquake on rotation change discussed above, if the earthquake occurs at the equator, then the azimuth angle and the dip angle are 45°, respectively, and the magnitude exceeds 9.0, the rotation change is completely detectable by GRACE, at least by GRACE Follow-on.
conclusIon AnD DIscussIon
(1) We calculated the co-seismic Earth rotation change for several typical great earthquakes since 1960 using Dahlen's theory which approximates the Earth as a homogeneous sphere. The obtained numerical results agree well with the results obtained using theories based on more realistic Earth models that have been developed subsequent to the publication of Dahlen's method. This indicates Dahlen's theory gives good approximations for computation of co-seismic rotation changes. (2) We proved that the amplitude of polar motion is independent of the longitude at which earthquakes occur. Results show that an earthquake occurring at an arbitrary longitude will produce the same polar motion change. (3) For the same type of earthquake, the rotation change appears to have a large magnitude at low latitude. The rotation change decreases as latitude increases. The rotation change is symmetrical for the two hemispheres. (4) The simulation results indicate that the co-seismic rotation change is symmetrical for a dip angle of 45°, i.e., when the dip angle decreases, the amplitude of polar motion decreases and the ΔLOD increases. The maximum co-seismic change occurs at two poles and the equator. (5) It is important to use detailed fault models when studying the rotation change because it is sensitive to fault models.
Finally, it should be pointed out that the investigation and discussion presented above are based on Dahlen's theory because of its simplicity. However, because Dahlen's theory is based upon a point source and because it cannot reflect a realistic distribution of fault slipping, the numerical results are regarded as bearing great uncertainty. This theory adopted a very simple Earth model, and it is only taken as a homogeneous sphere instead of layer structures. It means that Dahlen's theory gives a good approximation but not enough if the detailed fault slip distribution is considered; it is also expected that some inaccurate result is obtained if more realistic earth model is considered, such as layered structure, etc. Those two points can be improved using a reasonable dislocation theory and fault slipping model. Sun and Okubo (1993) and Sun et al. (2009) presented a spherical dislocation theory incorporating layer structures and earth's curvature effect. Considering the fault slipping model, it will give a higher precision. Therefore, our future studies will be devoted to computing the co-seismic ratio change using spherical dislocation with a more realistic SN-REI Earth model.
